ABSTRACT Bacillus thuringiensis Berliner toxicity is a dose-dependent phenomenon, and the dose acquired by an individual is directly related to the quantity of treated food consumed. A bioassay was conducted using two Apium graveolens var. rapaceum (L.) cultivars to determine if the B. thuringiensis dose acquired by Spodoptera exigua (Hiibner) (Lepidoptera: Noctuidae) larvae was inRuenced by host plant-induced variation in consumption rates. S. exigua fed the cultivar more suitable for larval growth and development consumed significantly greater leaf surface areas, survived longer, and grew faster than larvae fed the less suitable cultivar. S. exigua fed B. thuringiensis-treated foliage consumed significantly smaller leaf surface areas, had significantly shorter survival times, and grew slower than larvae fed untreated foliage. When leaf surface area consumption was adjusted to reRect the B. thuringiensis consumed, larvae fed the more suitable cultivar received significantly higher cumulative B. thuringiensis doses, but this difference did not explain the observed differences in insect performance. The fact that larvae fed the more suitable cultivar received a greater B. thuringiensis dose than larvae fed the less suitable cultivar demonstrates that host plant-induced variation in consumption rates can affect the B. thuringiensis dose a herbivore receives. In this particular case, larvae that received the overall greater B. thuringiensis doses performed better than larvae that received the overall lower doses, indicating that other factors associated with the host plant play an important role in mediating B. thuringiensis efficacy.
liner are widely used "biorational" insecticides, but, unlike most synthetic insecticides, B. thuringiensis must be ingested to exert its toxicity. B. thuringiensis is a potentially important component of integrated pest management (IPM) systems because of its low toxicity to non-target organisms (Trumble 1990) . Host plant resistance is another potentially important component of IPM systems and one that is assumed generally to be compatible with other IPM practices such as microbial insecticide use (Duffey & Bloem 1986) .
Genetic variation of host plants in their suitability for the survival and growth of insect herbivores is the basis of host plant resistance and, in many cases, is accompanied by variation in herbivore consumption rates. B. thuringiensis also affects the consumption of treated food by acting as a feeding deterrent (Gould et al. 1991) . The interaction between host plant genotype and B. thuringiensis on the consumption of food has, to our knowledge, not been studied and is potentially important because the B. thuringiensis dose that a susceptible insect acquires is not only a function of the amount of B. thuringiensis applied to the plant but is also directly related to the area of a surface-treated host plant that is consumed.
The beet armyworm, Spodoptera exigua (Hubner) , is a polyphagous noctuid herbivore that is a serious pest of vegetable crops throughout the United States and Mexico (Metcalf et al. 1962) and is a particularly serious pest of commercially grown celery, A. graveolens val'. dulce, in California (Van Steenwyk & Toscano 1981) . In previous work (Meade & Hare 1991) , we demonstrated that two celeriac, Apium graveolens var. rapaceum (L.) , cultivars, USDA Plant Introduction Numbers 223333 and 357333 (hereinafter referred to as P1223333 and PI357333, respectively), differed in their suitability for survival and growth of S. exigua. Larvae reared on PI223333 had a higher survivorship (82.5 versus 27.5%), shorter developmental time (13.7 versus 18.5 d), and higher pupal weights (75.0 versus 37.6 mg) than larvae reared on PI357333. We also demonstrated that penultimate and final instal'S had lower consumption rates when fed the less suitable cultivar.
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Here, we explore the interaction between host plant genotype and B. thuringiensis on S. exigua using PI223333 and PI357333. The objectives of this study were 3-fold: (1) to determine if differences in host plant-consumption rates previously documented for late-instal' S. exigua also occurred in early-instal' S. exigua, (2) to determine if host plant-related differences in consumption rates affected the B. thuringiensis dose acquired by early-instal' S. exigua, and (3) to determine if host plant-related differences in B. thuringiensis dose were responsible for any host plant-related differences in B. thuringiensis efficacy.
Materials and Methods
Insects. Larvae of S. exigua were taken from a laboratory colony established in 1987 with adults collected on lettuce near Bakersfield, CA, and to which field-collected larvae were added annually. Larvae were reared on a baby lima bean diet (Patana 1969) , whereas adults received 25% honey in water. Larvae and adults were maintained under controlled environmental conditions of 26 ± 1°C, 40-45% RH, and 16:8 (L:D)h photoperiod.
Plants. Seeds of the two A. graveolens val'. rapaceum cultivars were planted in steamsterilized silica sand and allowed to germinate in a temperature-controlled room (26 ± 1°C). Seedlings were transplanted to steam-sterilized soil (University of California mix; Matkin & Chandler [1957] ) and moved to a glasshouse. When the plants were ""15 cm tall, they were moved to a field plot at the University of California Agricultural Operation, Riverside, where they were maintained under conventional growing conditions (Sims et al. 1977) . Only fully expanded, nonsenescent leaves taken from plants of the same chronological age were used in the bioassays.
Bacillus thuringiensis. The B. thuringiensis preparation used in this experiment was prepared using methods described by Moar et al. (1989) . Briefly, a starter culture derived from Javelin (Sandoz Crop Protection, Des Plaines, IL), a commercial formulation of the NRD-12 isolate of Bacillus thuringiensis subsp. kurstaki (Berliner), was used to inoculate 500-ml batches of a modified glucose-yeast-salts medium. The inoculated medium was placed in 2-liter flasks and incubated on a rotary shaker at 260 rpm and 30°C until autolysis occurred (""72 h). After autolysis, the broth was centrifuged at 10,000 x g for 20 min, the supernatant was discarded, and the pellet was resuspended in sterile, glass-distilled water. This washing was repeated three times and, after the third wash, the pellet was resuspended in a minimal volume of sterile, glass-distilled water and lyophilized. The lyophilized powder from a number of incubations was combined and stored at -20°C.
The toxicity of this preparation was determined in bioassaysusing neonate S. exigua following the methods described by Moar et al. (1989) . Each B. thuringiensis concentration was added to 50 ml of artificial diet and vortexed for 1 min. Approximately 500 Ml of each B. thuringiensis-diet mixture was added to each well of two polystyrene microtiter plates (48 wells) (Falcon, Becton Dickinson, Oxnard, CAl. After the diet had solidified, one neonate S. exigua was added to each well, the top of the plate was covered with plastic food service film (Sealwrap, Borden, North Andover, MA), and the microtiter plate lid was replaced. Nine concentrations of the preparation were assayed using 48 larvae per concentration.
The assay was repeated three times for a total of 144 larvae per concentration.
Plant Bioassays. Concentrations of B. thuringiensis corresponding to the LC 25 and LC 50 were prepared by adding the lyophilized sporecrystal preparation to water containing 0.1 % (voll vol) Tween 80 (Sigma Chemical, St. Louis, MO) and ultrasonically homogenizing the mixtures. Leaves from each cultivar were dipped into either the control (water and Tween 80 only) or one of the B. thuringiensis treatments, shaken to remove excess liquid, and allowed to dry for ""30 min. The petioles of treated leaves were placed into water-filled (10 ml) reservoirs during the drying period to maintain leaf turgor. Disks (1.13 em) were cut from the leaves and placed into wells (1.13 em) that had been cut into an ""5-mmdeep layer of solidified agar poured into the bottom of25-ml plastic cups. This arrangement minimized the dessication of the leaf disks during the bioassay.
A single neonate S. exigua was placed on each leaf disk. Five larvae were set up at each of the three treatment levels for each cultivar (5 x 3 = 15 larvae per cultivar) and the entire experiment was replicated four times (4 x 15 = 60 larvae per cultivar total). Larval status (alive or dead) and leaf area consumed were assessed at days 1, 2, 4, 6, and 7. The biomasses of individual larvae were determined at day 7. Leaf disks were replaced with fresh, treated disks at days 2, 4, and
6.
Leaf-area consumption was quantified in a two-step process: (1) for each leaf disk, the areas where larval feeding had occurred were sketched using a camera lucida; then (2) the consumed areas outlined on the sketches were entered into a computer using a digitizer, and the surface areas were calculated.
Leaf-area consumption was converted to B. thuringiensis consumption using an estimate of the amount of B. thuringiensis per unit leaf area for each treatment. The biomass of 20 leaves (10 from each cultivar) were taken immediately before and immediately after treatment in a solution (water + 0.1% Tween 80) and the volume of solution adhering to each leaf was calculated us- 1 ). There was no interaction between cultivar and B. thuringiensis treatment (F = 0.87; df = 2, 55; P :5 0.43). The effect of sampling time was significant (F = 83.32; df = 4, 220; P :S 0.0001; older larvae consumed more tissue) as were the interactions of sampling time by cultivar and sampling time by B. thuringiensis treatment (F = 5.38; df = 4, 220; P :5 0.0004 and F = 18.09; df = 8, 220; P :S 0.0001, respectively). There was no three-way interaction between cultivar, B. thuringiensis treatment, and sampling time (F = 0.98; df = 8, 220; P :5 0.45). Larvae fed the more suitable cultivar, PI223333, had significantly longer survival times than those fed the less suitable cultivar (F = 10.75; df = 1, 114; P :5 0.001), and larvae fed B. thuringiensis-treated disks had shorter survival times than larvae fed untreated disks (F = 31.30; df = 1, 114; P :5 0.0001) (Fig.   IA) . The biomasses oflarvae surviving to the end of the bioassay period were greater for those fed PI223333 than for those fed PI357333 (F = 17.89; df = 1,55; P :5 0.0001), whereas the biomasses of larvae fed B. thuringiensis-treated disks were lower than those of larvae fed untreated disks (F = 55.48; df = 1,55; P :5 0.0001) (Fig. 113) .01), and larvae fed leaf disks treated at the LC so acquired a significantly larger cumulative B. thuringiensis dose than larvae fed disks treated at the LC 2S (F = 8.69; df = 1, 24; P0 .007) ( Table 2 ). The interaction between cultivar and B. thuringiensis treatment was not significant (F = 0.38; df = 1, 24; P :S 0.54). The effect of sampling time was significant (F = 51.69; df = 4, 96; P~0.0001; cumulative doses increased with feeding times) as were the sampling time x cultivar and sampling time x B. thuringiensis treatment interactions (F = 3.68; df = 4, 96; P :S 0.008 and F = 3.38; df = 4, 96; P :S 0.01, respectively). There was no three-way interaction between cultivar, B. thuringiensis treatment, and sampling time (F = 0.35; df = 4, 96; P :S 0.85).
Discussion
In our study, both host plant cultivar and B. thuringiensis treatment alone affected leaf-area consumption of neonate S. exigua. Leaf-area consumption was greater on PI223333, the cultivar previously demonstrated to be more suitable for survivorship and development, and it was also greater on foliage not treated with B. thuringiensis. Survival times were longer on Pl22333 and on untreated foliage.
Larval growth rates were greater on the more suitable cultivar and on foliage not treated with B. thuringiensis. The differential growth rate between host plant cultivars complicates the determination of the daily, specific rate of B. thuringiensis uptake because the difference in larval biomass between cultivars increased over time. The larvae used in each replicate of this experiment came from a single group of neonate S. exigua, however, so that any variation in initial larval size was equally distributed between the two cultivars. The fact that larvae on both cultival'S started the bioassay at the same size allows us to say that in the crucial, early phases of the bioassay, host plant-related differences in consumption resulted in higher B. thuringiensis doses being acquired by larvae fed the more suitable cultivar. Host plant-related differences in B. thuringiensis dose were clearly not responsible for the differences in growth rates between cultivars, given the fact that the higher growth rates (Fig. IB) and the higher B. thuringiensis doses (Table 2) were observed on the same cultivar. The consistent lack of statistically significant cultivar x B. thuringiensis treatment interactions in this study indicates that host plant resistance and B. thuringiensis are acting additively against S. exigua. The statistically significant effect of sampling time and the two-way interactions between sampling time and cultivar and sampling time and B. thuringiensis treatment in the repeated-measures ANOV As are to be expected because the cumulative consumption of each larva will increase over time. The nonsignificant three-way interactions between sampling time, cultivar, and B. thuringiensis treatment indicate that the interaction between cultivar and B. thuringiensis treatment does not change over time.
The fact that larvae fed the more suitable cultivar performed better when exposed to B. thuringiensis is not unprecedented.
The bulk of the empirical evidence indicates that B. thuringiensis efficacy is greater on less suitable compared with more suitable hosts (Hare 1992) . For example, Creighton et al. (1975) found that feeding damage from Trichoplusia ni (Hubner) and Pieris rapae (L.) larvae was less on two insect-resistant cabbage cultivars sprayed with a B. thuringiensis-chlordimeform mixture than that found on two similarly treated susceptible cultivars. Also, Bell (1978) demonstrated that Helicoverpa zea (Boddie) larvae reared on an insect-resistant soybean cultivar were more susceptible to a commercial B. thuringiensis preparation than were larvae reared on a susceptible cultivar.
One hypothesized mechanism for these differences in B. thuringiensis efficacy is that larvae fed the less suitable host would consume more tissue to compensate for poor host quality and, in the process, ingest a greater B. thuringiensis dose than larvae fed the more suitable host. Artificially increasing host plant consumption to increase microbial insecticide efficacy has been proven effective in some cases (Luttrell et al. 1982 , Bartlet et al. 1990 , Meisner et al. 1990 ) but, to our knowledge, the effect of host plant-related differences in consumption on B. thuringiensis efficacy has not been examined.
We did not expect such a mechanism to be at work in this system because we showed previously that late-instars consumed smaller quantities of PI357333, the resistant cultivar (Meade & Hare 1991) . Moreover, although we demonstrated that host plant cultivar can affect the B. thuringiensis dose a larva acquires, the results we obtained are the opposite of what a "compensation" hypothesis would predict.
Several studies have examined the interaction between specific plant alleleochemicals and B. thuringiensis and suggest that allelochemicals may be responsible for the increased efficacy of B. thuringiensis on insect-resistant cultivars. For example , Felton & Dahlman (1984) demonstrated that Manduca sexta (L.) larvae reared on an artificial diet supplemented with a sublethal concentration of L-canavanine, the guanidinooxy analog of the ubiquitous protein amino acid arginine, were more susceptible to two commercial formulations of B. thuringiensis than were larvae reared on an artificial diet lacking L-canavanine. In another study, Ludlum et al. (1991) showed that incubation of B. thuringiensis deltaendotoxin with chlorogenic acid and polyphenol oxidase, two chemicals implicated in the resistance of tomato to H. zea, resulted in increased toxicity of the delta-endotoxin to H. zea. Finally, Trumble et al. (1991) found that selected furanocoumarins, a group of allellochemicals found in A. graveolens and B. thuringiensis, act additively against S. exigua when both are incorporated into artificial diets.
Although the nature of the host plant resistance observed in PI357333 is certainly chemical (unpublished data), its precise nature is not yet known, thus determination of the type of interaction (additive, synergistic, or antagonistic) between specific allelochemicals and B. thuringiensis cannot be determined without conducting experiments in which controlled doses of the purified chemical(s) are administered with Similarly controlled B. thuringiensis doses. We do know that resistance in PI357333 is not based on the furanocoumarins tested by Trumble et al. (1991) (unpublished data), although in both studies, an additive interaction between host plant resistance (or allelochemicals) and B. thuringiensis was observed. Regardless of the specific chemical basis of the observed host plant resistance or the nature of the interaction between specific allelochemicals and B. thuringiensis, it is the plant rather than isolated allelochemicals that interacts with insect herbivores in the field. At the whole-plant level, our results support the general assertion that B. thuringiensis use and host plant resistance are compatible (i.e., additive, sensu Hare [1992] ) IPM strategies.
